Additive manufacturing (AM) has the capability to build complex parts with internal features, which have many advantages over conventionally manufactured parts. This makes AM an alternative for advanced manufacturing sectors. AM components suffer from defects due to the lack of understanding in the build process. This makes the adaptation of AM in safety-critical industries, such as aerospace, problematic. The current AM work flow calls for costly off-line inspections to qualify components as defect-free. The layer by layer nature of the AM provides an opportunity for an on-line inspection to take place. This can provide early detection of defects as well as information for optimization and repair of the build. Laser Induced Phased Arrays (LIPA) present themselves as a viable remote, non-destructive, ultrasonic technique capable of being implemented as part of an on-line inspection of AM. Lasers are used to generate and detect ultrasound and a phased array is synthesized in post-processing. This paper demonstrates the capability of LIPA to successfully detect and locate features within AM components off-line. Cylindrical features as small as 0.2 mm in diameter and 26 mm above the inspection surface were detected using LIPA and verified using X-ray computed tomography (XCT).
H I G H L I G H T S
Additive manufacturing (AM) is defined by the American Society for Testing and Materials as a manufacturing process of joining materials to make objects from 3D model data, usually layer upon layer [1] . This process allows the component to be designed with nested features and complex external geometry. The strength, stiffness and density of these parts can be tailored to the application using various infill patterns. AM processes such as powder bed fusion (PBF) have the capability to manufacture components which could not be produced using conventional methods such as milling and casting [2] and in-process repair of defects found on or close to the built surface may be possible [3] .
As AM processes mature over time, their uptake in safety critical industries such as aerospace will be limited due to concerns around part integrity. This is due to defects typically found within AM components such as porosity, balling, geometrical defects, surface defects, cracks, delaminations and microstructural inhomogeneities [4, 5] . These are caused by a wide range of factors such as the equipment, build parameters and contaminants in the powder feed stock. The on-line detection and classification of such defects can help improve the build process, provide an insight into the components structural capabilities and its service life. Such information can assist a machine user in making an informed decision to either abandon the build or initiate a repair strategy making it more cost effective. Due to the layer by layer nature of the AM process, an on-line inspection can be carried out on an intermediate layer before the build is completed. Consequently, on-line inspection can be used as a part of a feedback loop to optimize build parameters for the current build and any future builds.
On-line process monitoring of AM is currently the topic of intense research and attempts are made by monitoring a variety of parameters. Berumen et al. used a coaxial monitoring system with two sensors to image and measure the surface temperature and temperature distribution of the melt pool [6] . This information was used to understand the melt pool size and shape. As part of a feedback loop, the system was used to improve any sub-optimal build conditions. A similar system was used by Doubenskaia et al. to inspect the heat-affected zone around the melt pool [7] . This combined with the XY position data was used to obtain an understanding of deformations due to thermal stresses and minimize the overheating of overhanging features. Kanko et al. used an Inline Coherent Imaging (ICI) system to investigate the effect that varying process parameters, such as laser power, scan speed and layer thickness would have on the melt pool and the surrounding area morphology during the build [8] .
The above mentioned NDE techniques could not image internal features within AM components. The aim of this paper is to utilize the remote and non-destructive nature of Laser Induced Phased Arrays (LIPA) to ultrasonically image nested features within AM components, paving the way for on-line inspection. Unlike other laser ultrasonic techniques, LIPA were previously shown to be capable of non-destructively detecting defects of 1.2 mm diameter, at depths of up to 20 mm away from the inspection surface [9] . As part of this study, a cuboid was manufactured with through holes up to 26 mm deep, with the aim of demonstrating the capability of LIPA to detect features kin to cooling holes embedded within a component manufactured using AM. The sample was then inspected using LIPA and the results were verified using X-ray computed tomography (XCT) and conventional ultrasonic phased array.
X-ray computed tomography
Currently the only way in which a volumetric inspection could be performed on an AM component would be using XCT postmanufacture. XCT was inherently different to the other NDE techniques as it constructed a 3D figure of the part being inspected using several 2D projections around a central axis [10] . This requirement to obtain multiple projections by manipulating the component or X-ray source and detector, made the implementation of such a system, as part of an on-line inspection for AM, impractical. The high cost of an XCT system on its own was a further barrier. XCT however has been used extensively in AM for the inspection of powders used, small individual components of about 5 mm and large components of about 100 mm [11] . Kim et al. utilised laser powder bead fusion to manufacture samples with nested spheres ranging from 0.2 mm in diameter to 2 mm in diameter [12] . The 0.2 mm diameter sphere failed to build but the following 0.4, 0.6, 0.8, 1 and 2 mm spheres were successfully manufactured and detected using XCT. When comparing the XCT data to the CAD, it was clear that the smallest sphere of 0.4 mm, had the greatest difference in volume of about 49%. The largest sphere of 2 mm had a difference in volume of 13%. It was shown that most of the geometrical inaccuracy came from the roof sections of the spheres collapsing in on themselves. Mireles et al. used a combination of in-situ infrared thermography and postmanufacture XCT to detect seeded defects ranging from 0.1 mm to 2 mm manufactured using electron beam melting [13] . The results presented illustrate the capability of the in-situ system to detect defects as small as 1.1 mm and how with the use of a remelt strategy can correct the previously detected defects. The XCT and infrared thermography data was used to measure the seeded defects. It was observed that the infrared thermography consistently overestimated the size of the features. Some in situ inspections have been carried out using XCT but within very controlled conditions on single laser scan tracks [14] . Du Plessis et al. discussed a wide range of studies where XCT was used to detect defects several orders of magnitude smaller than that discussed in this study [15] . The literature reviewed above illustrated how XCT was seen to be the gold standard when it comes to post-manufacture analysis of AM components post-manufacture analysis of AM components. This showed that although impractical as an on-line technique, XCT was very useful as a post-manufacture verification tool.
Ultrasonics
Ultrasonics are typically used to image internal features in optically opaque components. The majority of ultrasonic techniques are based on piezoelectric transducers, which require couplant and contact to a flat surface for an inspection to be carried out. Transducer based ultrasonics have been used in the past for the inspection of AM components. Rieder et al. used an unfocused 10 MHz ultrasonic transducer positioned under the build plate in an attempt to correlate changes in the selective laser melting (SLM) process parameters to bulk material properties [16] . They showed that ultrasound was capable of detecting the presence of a 2 mm diameter sphere embedded within a cylinder of diameter 20 mm and 10 mm tall. This was progressed further by manufacturing a half-cylinder with a radius of 50 mm and width of 30 mm, containing nine internal cylinders, 2 mm, 3 mm and 4 mm in diameter increasing with depth [17] . The first row was positioned along the central radius of the build whilst the other two rows were tilted by +30 • and −30 • . The data obtained using a 5 MHz ultrasonic phased array illustrated clear indications from all nine features in their expected locations, although no information regarding the size of the defects could be obtained. Javadi et al. used transducer based ultrasonic phased arrays of 5 MHz and 10 MHz, in conjunction with the total focusing method (TFM), to inspect wire and arc additive manufacture (WAAM) components, which contained several electrical discharge machining (EDM) holes [18] . They illustrated the capability of this system to detect holes down to 0.5 mm in diameter and up to 45 mm deep.
Although examples discussed above were non-destructive, they required contact to the build plate, meaning they would not be sensitive to complex features that were not directly coupled to the build plate. In addition, access and space requirement of transducer based ultrasonics would not be a viable candidate for a true on-line inspection. Their contact nature and couplant requirements would hinder the build process.
Laser ultrasonics (LU) is a remote and couplant free ultrasonic technique that uses lasers to generate and detect ultrasound, offering the capability to cope with variations in surface temperature, roughness and situations with limited access [19, 20] . Due to these characteristics, laser-based NDE techniques have a distinct advantage when being considered for an on-line intermediate layer inspection of AM components. In addition, laser based additive processes such as SLM already have the infrastructure, such as galvo-mirrors, in place to deliver and control the laser beam on the surface of the component being built. Patel et al. used galvo-mirrors in conjunction with their LU system, to inspect the as-deposited surface of an AM component, with the aim of carrying out an inspection on-line [21] . Everton et al. illustrated how time of flight LU could be used to detect fabricated subsurface defects of 600-900 lm but were not fully capable of locating and quantifying them [22] . Lévesque et al. used a similar LU apparatus but in the destructive, ablation regime, on the underside of the sample, to carry out LU B-scans, which were improved using the synthetic aperture focusing technique (SAFT) [23] . The results presented illustrate the capability to detect the top surface of the sample and some embedded defects as small as 0.4 mm in diameter. Smith et al. illustrated how a LU technique known as spatially resolved acoustic spectroscopy (SRAS) can be used to detect changes in SLM process parameters alongside detecting and sizing both surface and subsurface defects with a mean pore diameter of 100 lm [24] . Hirsch et al. also used this system to detect changes to the component micro structure caused by variation in the scan strategy and progressed this work by using the SRAS data to inform repair strategies [25, 3] .
Laser phased arrays
LU inspections typically suffer from low signal to noise ratio as they only obtain B-scans and there is no ultrasonic beam forming. One way to significantly improve imaging quality is to make laser phased arrays. Previously this has been carried out using one laser source with multiple optical delays or multiple laser sources [26] . Both methods are prohibitively expensive, hardware demanding and offer a limited number of array elements compared to conventional piezoelectric transducer based phased arrays.
An alternative is to synthesize the array in post-processing which is the basic principle behind LIPA [9] . Previously LIPA has been shown to synthesize arrays with a number of elements comparable to conventional phased arrays, using a simple experimental setup. This was achieved by capturing the full matrix, a data acquisition process where all the generation and detection signal pairs are collected. Following full matrix capture (FMC), a variety of different imaging algorithms and signal processing techniques can be applied on the same data set. Previously, the total focusing method (TFM) has been used with LIPA as an imaging algorithm which is considered as the gold standard in phased array imaging [27] . TFM synthesizes a focus on every point within the image, in post-processing.
LIPA combines the benefits of LU with the improved imaging of phased array algorithms, such as TFM, to provide a remote and nondestructive inspection solution for AM.
Methods and materials
This section discusses the FMC data acquisition method, the TFM post-processing algorithm and the experimental setup that was used to synthesize LIPA. Finally the design and manufacture of the sample used for this experiment is discussed.
Full matrix capture and total focusing method
FMC is a data acquisition method developed for conventional ultrasonic phased arrays. In this method, the signal from each generation and detection element pair is captured to form the full matrix of N × N, where N is the number of array elements [28] . In order to adapt FMC for LIPA, the phased array of N elements was synthesized by scanning the generation line and detection spot across N number of locations. The acquired signals were then processed using the TFM, where the signals from all elements of the LIPA are summed in order to synthesize a focus at every point in the imaging area [28] . In LU all ultrasonic wave modes are excited simultaneously: shear, longitudinal and surface acoustic waves [29] . The shear wave mode is more efficiently excited in aluminum compared to the longitudinal mode and so it has been chosen to be imaged as part of this experiment [30] . The TFM was originally developed for transducer based phased arrays, which have omnidirectional directivity. However, in LU the directivity and detection sensitivity of the shear wave's ultrasonic component has an angular dependency at the thermoelastic regime: for aluminum, the directivity has been shown to have a maximum at~30 • whilst the sensitivity of the detector to the out-of-plane shear wave component has been shown to have a wider angular spread at an angle of~36 • . Previous work discussed how the TFM algorithm has been adapted to account for this angular dependency by introducing apodization terms [9] . As a result, the intensity of the image, I(r), is given by:
The double summation is over all combinations of ultrasonic generation (g) and detection (d) positions. The signal s gd (t) is the digitally filtered time-traces of the raw signals collected during the experiment. The time delay term (t gd ) is given by:
where d g (r) and d d (r) are the distances associated with the generation and detection ray-paths to point r. Z g and Z d are apodization coefficients that depend on the directivity and sensitivity patterns of the laser generated and detected ultrasound, as described in [31] . The TFM image was enhanced by normalizing the TFM image with the sensitivity image. The latter describes the amplitude expected from a perfect point target (i.e. scattering matrix equal to unity) as a function of position ( Fig. 6 ). The normalized image has uniform sensitivity but non-uniform noise, as opposed to the initial TFM image which has uniform noise but non-uniform sensitivity [9] . These normalized TFM images are used in the work presented in this paper.
Experimental setup
An IR laser was focused as a line source onto the under side of the sample, as illustrated in Fig. 1 . The absorbed laser energy rapidly heated the surface of the sample within its non-destructive, thermoelastic regime, generating ultrasonic waves. The generation laser used was a pulsed neodymium-doped yttrium aluminum garnet (ND:YAG) laser, at an optical wavelength of 1064 nm, a repetition rate of 5 kHz and pulse energy of 0.1 mJ. This was focused down to a line of 5 mm in height and 0.2 mm wide, at incidence angle of~20 • normal to the surface of the sample. The pulse duration of the laser was 1 ns. The pulse length of the laser and short optical absorption depth in aluminum meant that the laser excitation was broadband, up to 400 MHz [29] . A Polytech laser vibrometer was used to measure the out-of-plane displacement of the sample surface, caused by the ultrasonic wave. The vibrometer uses a continuous wave laser, emitting at 633 nm, with power of less than 1 mW, focused down to a 0.04 mm diameter spot, aligned to the center of the generation line source and normal to the surface (Fig. 1) . The signal was averaged 500 times to increase the signal to noise ratio (SNR) due to the limited power of the detection laser. The detector had an upper bandwidth limit of 24 MHz, which set the limit for the ultrasonic frequency of the captured signals.
A 1-D LIPA of 129 elements was synthesized, with an element spacing of 194 lm. The element spacing was chosen to be half the wavelength of the shear wave at 8 MHz in aluminum 1 , in order to avoid grating lobe artifacts in the ultrasonic images, up to 8 MHz [33] .
As illustrated in Fig. 2 , the sample was stationary throughout the experiment whilst the generation and detection lasers were scanned in turns. Once a row of signals where the position of the generation laser was varied, were collected, the detection laser incremented by the width of an element. This process was repeated for 129 elements to build up the 129 × 129 matrix required for FMC.
Sample design and manufacture
The primary aim when designing the sample was to create internal features that contain typical PBF characteristics such as internal surface roughness and backfilling. Through holes were chosen here to allow any unfused powder to drain out, as air-filled defects would provide better ultrasonic contrast than powder-filled cavities. In addition, the shape of the defects provided the best case for demonstrating the potential of the ultrasonic method used for defect detection, given that a 1-D LIPA was synthesized. This type of array can provide 2-D, cross-sectional ultrasonic images of the component and the cylindrical shape would provide the best conditions for detection. The uniform cross-section across the width would give a clear indication of the location features in the XZ plane with very little influence from the Y position. The features were sized to replicate internal features kin to cooling holes manufactured using processes such as SLM [34] .
The sample was manufactured using a Realizer SLM50 equipped with a 100 W continuous wave laser with a wavelength of 1064 nm. The laser was used to melt and fuse AlSi10Mg powder (TLS Technik) layer-by-layer to build the sample on top of a 10 mm thick aluminum alloy build plate. Throughout manufacture, the build chamber was purged and continuously flushed with argon to ensure a working atmosphere of less than 500 ppm of O 2 . The build plate was heated and maintained at 200 • C, a commonly used technique to reduce the build-up of thermal stresses during manufacture. A pre-sinter scan strategy was used to maximize the bulk density of the material, as described by Aboulkhair et al. [35] . The AM sample was designed to be 20 mm × 40 mm × 10 mm, as seen in Fig. 3 . The design included six through holes. The first through hole (D1) was placed 16 mm from the under side of the build plate and the following holes (D2, D3, D4, D5, D6) were placed at depth increments of 2 mm. They were spaced horizontally by equal increments of 5 mm in order to avoid ultrasonic shadowing from the holes below. The through holes were alternately designed to be 0.5 mm and 1 mm in diameter. The manufactured sample seen in Fig. 4 was inspected using XCT and it was found that the holes designed to be 0.5 mm and 1 mm were respectively measured to have a mean diameter 0.2 mm and 0.7 mm (see Fig. 4 . Side profile of the manufactured sample where the 1 mm through holes are clearly visible compared to the 0.5 mm holes which show some back filling. Section 4.1). The XCT data in Fig. 7 also revealed the internal roughness found within the through holes consistent with the side profile seen in Fig. 4 .
The LIPA were synthesized on the underside of the build plate which was polished down to a finish of 0.05 lm Ra. This was necessary to increase the optical reflection of the detection laser. It is noted here that polishing would not be required if another type of laser detection system was used (e.g. a rough surface interferometer [36, 37] ). . 5 shows the normalized TFM image using shear-shear wave arrivals based on signals captured using FMC, off the under side of the sample. The data acquisition system used a 1 MHz high pass filter to remove any low frequency noise. Prior to the application of the TFM imaging algorithm, a digital band-pass filter was applied in the frequency domain in order to maximize the SNR and for the case shown in Fig. 5 , a band-pass filter centered at 3 MHz with 100% bandwidth, at −40 dB was used.
Results

Fig
Laser ultrasound simultaneously excites bulk and surface acoustic waves which means that there is a cross talk region where signals from the surface acoustic waves appears as signals from the shear wave. The extent of the region depends on the array aperture and the velocities of the two ultrasonic waves [9] . It can be seen in Fig. 5 that the affected region extends to~5 mm from the underside of the sample, which was still within the thickness of the build plate, where no features were present. The normalized TFM image shown in Fig. 5 has uniform sensitivity and non-uniform noise: the noise in areas with low sensitivity is amplified. Fig. 6 shows the sensitivity image for shear-shear wave amplitude, expected from a perfect point target as a function of position, based on theory. It illustrates that the top region above the center of the array has low sensitivity (a blind spot), which is due to the angular dependence of the laser-generated and detected shear waves around 0 • [31] . This explains noise artifacts seen in the center top section of Fig. 5 . It also explains why features D4 and D5 have reduced ultrasonic signal compared to the others, as they are found in this region of low sensitivity.
Five of the six manufactured features are detected in Fig. 5 , with the first one (D1) observed at 16 mm from the bottom of the build plate and −13 mm from the middle of the array. The next four features are observed at increasing depths and at an equal horizontal spacing. D5 is not identified due to it appearing just above the noise level. It is 0.7 mm in diameter, located 24 mm from the bottom of the build plate and 7 mm from the center of the array.
Discussion
This section discusses how information from XCT and ultrasonic phased arrays were used to verify the built component versus its design. The size and location of the features were extracted from the XCT and used to asses the capability of LIPA.
Verification
XCT data obtained at a voxel size of 30 lm was used to size the manufactured holes. A best fit cylinder was placed inside each of the holes, the X, Z position and the diameter of these cylinders was extracted and used. This showed that holes designed with a diameter of 1 mm and 0.5 mm were measured to have a mean diameter of 0.7 mm and 0.2 mm. It also showed that the 0.7 mm diameter holes were clear all the way through the cuboid, and the 0.2 mm diameter holes exhibited some back filling, as illustrated in Fig. 7 . These small particles present inside the 0.2 mm holes seem to acoustically couple the inner walls of the hole. This, combined with the internal roughness seen in Fig. 7 , could explain some loss of ultrasonic signal from the features, such as D6 and D4, due to acoustic scattering. Fig. 7 also shows the horizontal cross-section of D5 which, although it was 0.7 mm in diameter, its ultrasonic signal was just above the noise level, as shown in Fig. 5 . It is noted that significant internal roughness is observed in Fig. 7 for this feature which has contributed to the loss of signal. Since D6 and D4 are of similar size and internal structure and the same is true for D5 and D3, it is an indication that the low sensitivity of the shear wave in the region where D4 and D5 are located, is more significant reason for the low ultrasonic signal observed in Fig. 5 than the internal roughness and backfilling of these features.
In addition to the XCT analysis, the sample was inspected using a transducer based 10 MHz, longitudinal wave, ultrasonic phased array. The 128 element phased array probe was in direct contact with the under side of the build plate using liquid couplant, as illustrated in Fig. 8 . A FIToolbox (Diagnostic Sonar, UK) was employed as the phased array controller which used a real-time TFM software, called CUE-TFM [38] . This generated the TFM image of longitudinallongitudinal wave arrival, illustrated in Fig. 8 (longitudinal wave velocity in aluminum, c L = 6400 and ultrasonic wavelength at 10 MHz k L~0 .64 mm) [32] . It is worth noting that aside from the six expected indications, some micro-porosity was detected about 10 mm from the bottom of the build plate. This was the region between the cuboid and the build plate, where typically micro-porosity was expected due to the steep thermal gradients during the AM build process. XCT verified the presence of a layer of pores <100 lm in diameter, which is a good observation but outside the scope of the present paper. 
Sizing of features using LIPA
From Fig. 5 the features can be detected but sizing and characterization is difficult. This is because the ultrasonic wavelength of the shear wave at a frequency of 3 MHz is~1 mm, which is close to the diffraction limit (0.5k) making it impossible to size and characterize the features present [39, 40] , especially those with diameter of 0.2 mm. Fig. 9 shows a close up of features D1, D2 and D6, imaged at the 3 MHz frequency component of the shear wave. The line around the features shows the image pixels within −6 dB of the maximum pixel value of the indication. The diameter of indications are measured as the major axis of the best fit ellipse and are 2 mm for D1 ( 0.7 mm), 2.8 mm for D2 ( 0.2 mm) and 3.4 mm for D6 ( 0.2 mm). As expected, using this frequency component it is not possible to size these features. It is noted here that sizing and characterization of the features requires further processing of the data set, e.g by comparing the predicted and experimentally measured scattering coefficient matrix [41] . However, such data processing is beyond the scope of the present paper.
Correlation of LIPA indications to XCT data
It is important to understand if the AM platform being used is producing components that meet the geometrical accuracy required for the parts being manufactured. There are a range of NDE techniques capable of measuring this post-manufacture but none that have the capability to locate nested features on-line. The through hole locations measured using XCT were overlaid on the LIPA indications and illustrated in Fig. 5 . The black circles in Fig. 5 were plotted using the centroid of the indications from the LIPA data. The area of the plotted circles were proportional to the total area of the indication. The shallowest feature D1 at 16 mm was used as a starting point to anchor the measurements obtained from XCT, the white cross hairs were plotted where the XCT showed the center to be and the white circle represented the area based on the XCT measured diameter. Based on Table 1 the LIPA indications had a standard deviation of 0.34 mm in the X and 0.33 mm in the Z compared to the XCT data. The lack of a positive identification from D5 is due to being located at a region of low sensitivity of the shear wave and the internal roughness as discussed in Section 4.1. Although an indication was observed in the region where D5 was expected to be, the size and amplitude of it was the same as the noise in that region. The indications D3 and D4 as seen in Fig. 6 were also located in the region of low sensitivity due to the angular dependency of the shear wave. This, combined with the internal roughness seen in AM, explains the larger indication and noise surrounding them. D6 showed the least variation in X and Z position compared to the XCT data, it was located in the region illustrated in Fig. 6 , as the most efficient region for the generation and detection of shear waves using LIPA. This illustrated the best potential of LIPA to image features within AM components.
To improve the overall sensitivity of a LIPA inspection on a sample of this nature, the following can be implemented. A wider array with more elements would increase the region of high sensitivity and minimize the size of the blind spot, however it would increase the overall inspection time which using the existing setup was close to 3 h. Furthermore, the use of other ultrasonic wave modes for TFM imaging such as shear-longitudinal would also improve the sensitivity around 0 • [31] . However, analysis of the captured LIPA signals using this mode did not produce good results, mainly due to the low SNR which made this low generation efficiency mode converted wave impossible to detect. The use of a higher power detection laser would increase the energy incident on the detector, thereby increasing the SNR and decreasing the number of averages required [42] . This would have a knock-on effect of decreasing the time taken for the inspection. For example, for an ultrasonic generation laser with 10 kHz repetition rate (L rep.rate ) -as opposed to our current 5 kHz laser -and a rough surface detection laser with 500 mW power returning to the detector -as opposed to the current >1 mW laser -would reduce the number of required averages (m aver ) to 20as opposed to currently 500 averages-and would reduce the theoretical limit for the data acquisition time (t FMC ) of a 129 element LIPA (N elem ) down to 33 s, as t FMC = (N elem ) 2 m aver (1/L rep.rate ) [9] . In practice further overheads are expected due to the oscilloscope and mechanical scanning, however such system would require a few minutes to acquire data and would be fast enough for on-line inspection of AM. In addition, increasing SNR would improve multi-mode and multi-frequency analysis of the LIPA signals. Multi-mode analysis would allow TFM imaging using mode converted waves whilst multi-frequency analysis would allow imaging at higher ultrasonic frequency components, resulting in better-resolved features and increasing the probability of detection of the overall LIPA system [9] .
Conclusion
This paper has successfully demonstrated the remote, couplant free, non-destructive inspection of an AM component off-line. This was accomplished by synthesizing LIPA on the underside of the AM component, using a simple experimental setup, adapting the FMC data acquisition and the TFM imaging algorithm to LU. The AM component included nested features as part of its design. The features had characteristics typical of AM, such as back filling and internal surface roughness, confirmed using XCT. This demonstrated the capability of LIPA to detect AM cylindrical features with internal roughness, as small as 0.2 mm in diameter, in a non-contact manner, providing 2-D, cross-sectional ultrasonic images. The features were detected using shear waves of 3 MHz frequency, giving an effective wavelength of 1 mm in aluminum. For this reason, sizing and characterization of the features was not possible although it could be achieved using further processing of the data [41] . A 1-D LIPA of 129 elements was synthesized, paving the way for 2-D LIPA that would be able to provide 3-D, volumetric inspection of AM. This type of 2-D array would be best suited for detecting spherical defects or voids resulting from the AM process and work is underway to address such cases. The features imaged in the present study were air-filled holes and the absence of unfused powder was verified from the XCT data. Typical AM defects can include powder-filled cavities which would affect the ultrasonic contrast of the imaged features and the effectiveness of the technique would need to be investigated in this case.
The LIPA presented here were synthesized on the under side of the build plate, which presented the advantage of controlling the sample surface and access related inspection parameters. This configuration could be useful for on-line process monitoring of relatively small AM components, of simple geometry and no overhanging features.
Future work in this area involves fabrication of components that are not directly coupled to the build plate but instead held using support structures. Furthermore, a systematic study on features of progressively smaller size from 0.5 mm to 0.1 mm is underway and will help to a) asses the detectability of spherical and other geometrical defects, b) gain an understanding of the system's minimum defect size detectability and c) form a good platform for future developments in this area, progressively varying the investigation into internal features that represent typical AM defects such as voids both empty and filled with powder and of various geometry.
For larger components with more complex geometries, LIPA would require to be synthesized on the build side of the component. This would require coping with the high temperatures of the AM process and the surface roughness of the components being built. Very few researchers have previously published on the effect of thermal gradients on ultrasonic phased array measurements: Marvasti and Sinclair [43] and Tezuka et al. [44] have done initial studies in this area, whilst the work by Patel et al. [21] shows the challenges faced by laser ultrasonic inspection of as-deposited, rough surfaced AM components. These are the current challenges for the technique introduced in this study and they are being addressed in our ongoing work.
Faster data acquisition for LIPA can be achieved by the use of higher repetition rate generation laser and higher power detection laser, reducing the time required per point, making the technique suitable for on-line process monitoring. In particular, increasing the power of the detection laser would increase SNR, allowing for multi-mode and multi-frequency analysis. The first would assist in detecting features which currently lie on sensitivity "blind spots" and the second would increase the detectability of features with sizes <100 lm, making the technique capable to detect defects found in PBF components.
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